domly p o s i t i o n e d t a r g e t s , t h e u l t i m a t e p r e c i s i o n T h i s p a p e r d e s c r i b e s e f f o r t s t o d e t e r m i n e t h e i s l i m i t e d by a f u n d a m e n t a l u n c e r t a i n t y p r i n c i p l e .
a c c u r a c y ( b i a s ) a n d p r e c i s i o n o f water v e l o c i t y One c a n n o t s p e c i f y t h e n o t i o n i n a n a r b i t r a r i l y measurements obtained with the MPL Doppler Sonar m a l l volume t o a n a r b i t r a r y p r e c i s e v e l o c i t y i n a System. Precision i s well q u a n t i f i e d by comparirg f i n i t e l e n g t h o f tine. I n c o n t r a s t , t h e r e is no v e l o c i t y estimates from similar s o n a r s p o i n t e d i n fundamental limit on estimate bias. Ileasurenent p a r a l l e l .
It is f o u n d t h a t 2-5 cm/sec rms prebias results from poor syster,l design, poor system c i s i o n is p o s s i b l e after a v e r a g i n g o v e r o n l y 15 u s e (e.g., s i g n i f i c a n t e c h o e n e r g y b e i n g r e c e i v e d r e t u r n s ( " 30 s e c o n d s ) . The smaller v e l o c i t y from s i d e l o b e s o f t h e t r a n s d u c e r ) o r i n a d e q u a t e errors are a s s o c i a t e d w i t h l o n g e r p u l s e s , w h i c h p r o c e s s i n g o f t h e r e t u r n s t o estimate Doppler.
h a v e p o o r e r r a n g e r e s o l u t i o n . Bias i n Doppler TGJO e x p e r i n e n t s t o d e t e r m i n e t h e p r e c i s i o n o f measurements has been investigated by intercomparDoppler neasurements will be presented below.
i s o n of Doppler and electronagnetic estimates o f This d i s c u s s i o n i s followed by a d e s c r i p t i o n of a n t h e v e r t i c a l p r o f i l e o f h o r i z o n t a l v e l o c i t y . F o r interconlparison experiment which was d e s i g n e d t o t h e r e l a t i v e v e l o c i t i e s p r e s e n t d u r i n g t h e i n t e rd e t e c t b i a s e r r o r s i n t h e PIPL system. -comparison, which were l e s s t h a n 30 c n / s e c , no b i a s was d e t e c t a b l e . F u r t h e r tests are necessary Lleasurement Precision a t h i g h e r , known, r e l a t i v e v e l o c i t i e s t o q u a n t i f y b i a s e r r o r s .
The e x p r e s s i o n w h i c h a p p r o x i m a t e s t h e l i n i t on measurement precision i n a r a n d o u s c a t t e r i n g i s beconing a useful method of r e m o t e l y s e n s i n g c u r r e n t s i n t h e sea. I n t h i s technique, sound i s t r a n s m i t t e d i n a narrow beam. The sound s c a t t e r s o f f p l a n k t o n and nekton i n t h e beam. From t h e D o p p l e r s h i f t o f t h e r e t u r n i n g echo the component of scatterer v e l o c i t y p a r a l l e l t o t h e s o n a r beam can be determined as a f u n c t i o n of range.
During 1978-80, a four-sonar Doppler system was b u i l t a t S c r i p p s f o r u s e i n i n t e r n a l wave r e s e a r c h .
The s o n a r s o p e r a t e a t f r e q u e n c i e s between 67 and 85 kHz. are c u r r e n t l y b e i n g a n a l y z e d . T h i s paper documents e f f o r t s t o d e t e r m i n e t h e q u a l i t y o f t h e o c e a n v e l o c i t y estimates o b t a i n e d f r o m t h e Doppler sonars.
E s t i m a t i n g A c c u r a c v P r e c i s i o n When c o n s i d e r i n g t h e q u a l i t y of Doppler measurements i t is u s e f u l t o d i s t i n g u i s h
b e t w e e n measurement precision (variance) and measurement AVms i s t h e rms u n c e r t a i n t y i n v e l o c i t y m e a s u r e d a f t e r N p u l s e s of l e n g t h T = 2 A x / c have been t r a n s m i t t e d a n d t h e r e s u l t i n g r e t u r n s are p r o p e r l y processed and incoherently averaged.
The
d e r i v at i o n o f t h i s e x p r e s s i o n i s d i s c u s s e d i n T h i e r a u l t ( 3 )
a n d , f o r a p a r t i c u l a r D o p p l e r p r o c e s s o r , by l l i l l e r a n d Rochwarger ( 1 ) .
Two d i f f e r e n t a p p r o a c h e s were used i n a n a t t e m p t t o . i n v e s t i g a t e t h e p r e c i s i o n of t h e NPL s y s t e m .
I n t h e o r y , m o t i o n s i n t h e sea are res t r i c t e d t o f r e q u e n c i e s b e l o w t h e s o -c a l l e d V a i s Z l a or s t a b i l i t y f r e q u e n c y :
where g i s t h e a c c e l e r a t i o n o f g r a v i t y , p t h e dens i t y o f water and c the speed of sound, I n t h e ocean, N v a r i e s f r o m 5-15 c y c l e s p e r h o u r i n t h e upper thermocline down t o 0 . 5 cph near the sea f l o o r .
M o t i o n s d e t e c t e d by t h e s o n a r a t frequencies above II can be defined as s p u r i o u s , e v i d e n c e o f t h e f i n i t e precision of the measurement. This can be seen i n d a t a t a k e n o n a January 1977 c r u i s e , d u r i n g w h i c h a s o n a r was mounted on F l i p ' s h u l l a t a depth of 50 m and d i r e c t e d 7' down from horizontal. Twenty-four hour data s e r i e s were formed a t d i s c r e t e r a n g e s .
The series a r e F o u r i e r transforzled i n t i n e , r e s u l t i n g i n s p e c t r a o f s l a n t v e l o c i t y a s a f u n c t i o n of frequency and range (depth) (Fi.5.
) .
The n e a r e s t s p e c t r a r e p r e s e n t 
l 2 S l a n t v e l o c i t y power s p e c t r a (cm/sec) /cph as a f u n c t i o n of frequency and range.
n i x e d l a y e r m o t i o n s . T h e s e d e c a y i r r e g u l a r l y w i t h i n c r e a s i n g f r e q approximately W -' "~~. A~ g r e a t e r r a n g e s 
h e V a i s a l g cutoff i s a n i n d i c a t o r of t h e p r e c i s i o n of t h e v e l o c i t y estimates. A n rms n o i s e o f 1 cm/sec i s i n d i c a t e d f o r r a n g e s 2-600 m. P.t g r e a t e r r a n g e
s , t h e s t r e n g t h of t h e r e t u r n i n g e c h o i s d i m i n i s h e d , a n d t h e p r e c i s i o n i n t h e v e l o c i t y estimate i s degraded. This
i s seen i n t h e i n c r e a s e i n s p e c t r a l n o i s e l e v e l w i t h i n c r e a s i n g range, beyond 600 m. I n a series of four 20-minute t e s t s , IO, 20, 40, and 80 rms p u l s e s were t r a n s m i t t e d e v e r y 2 seconds from both sonars simultaneously.
One s o n a r was o p e r a t e d a t 70 kHz, one a t 7 5 kHz. V e l o c i t y p r o f i l e s were e s t i m a t e d e v e r y 30 seconds. The ms v e l o c i t y d i f f e r e n c e was e s t i n a t e d o n t h e r a n g e i n t e r v a l 220 t o 410 c1 and averaged over the twenty minutes of each t e s t . These rms d i f f e rences are p r e s e n t e d i n F i g .
f o r t h e
f o u r t r a n s m i t t e d p u l s e l e n g t h s . V e l o c i t y estimates were c a l c u l a t e d u s i n g t h e complex covariance technique f i r s t suggested by Rummler ( 2 ) . U s i n g t h i s t e c h n i q u e t h e v e l o c i t y i s e s t i n a t e d a t a. g i v e n r a n g e f r o m t h e m e r a g e r a t e of change of phase of t h e r e t u r n a t t h a t r a n g e . T h i s r a t e of change i s determined by comparing the phase of the echo a t s u c c e s s i v e times s e p a r a t e d by a n i n t e r v a l T which should be small compared t o t h e l e n g t h of t h e t r a n s m i t t e d p u l s e . -410 m by t h e s o n a r s i n F i g . 2 . The error i s g i v e n as a f u n c t i o n of t h e r a t i o of t h e time l a g during which phase progression i s e s t i m a t e d t o t h e t r a n s m i t t e d p u l s e l e n g t h .
by t h e p i n g l e n g t h , f o r t h e d i f f e r e n t l e n g t h s of p u l s e . It is clear t h a t p r e c i s i o n i m p r o v e s as t h e time lag is decreaseed, i n c o n t r a s t t o a predict i o n by Miller and Rochwarger ( 1 ) . The rms uncert a i n t y i n t h e 10, 20, 40, and 80 m s p u l s e s i s 12, 6 , 3, and 2 cm/sec after a v e r a g i n g o v e r 15 pings i n time and over a p u l s e l e n g t h i n r a n g e .
N o t e t h a t f o r t h e s h o r t e r p u l s e s , t h e rms e r r o r is halved as t h e p u l s e l e n g t h d o u b l e s , i n c o n c e r t w i t h e q u a t i o n
( 1 ) .
T h i s p a t t e r n i s not maint a i n e d
w i t h t h e l o n g e s t p u l s e , a t 80 ms. When t h e t r a n s m i t t e d p u l s e l e n g t h is i n c r e a s e d much beyond 40 ms, r a n g e r e s o l u t i o n is l o s t w i t h o u t t h e e x p e c t e d i m p r o v e m e n t i n v e l o c i t y p r e c i s i o n . T h i s phenomenon is t e n t a t i v e l y a t t r i b u t e d t o t h e random motion of the scatterers w i t h i n t h e scatt e r i n g volume. As a r e s u l t o f t h i s random m o t i o n , t h e s p e c t r u m o f t h e r e t u r n e c h o f r o m t h e 80 ms p u l s e i s s i g n i f i c a n t l y b r o a d e n e d . S i n c e v e l o c i t y p r e c i s i o n is s e t by t h e r e t u r n s p e c t r a l w i d t h , t h e e x p e c t e d i m p r o v e m e n t i n p r e c i s i o n is n o t a t t a i n e d .
It should be emphasized 'chat these results i.:iclude errors o t h e r t h a n j u s t estimator uncert a i n t y . They r e p r e s e n t a bouid on measurement r e p e a t a b i l i t y from a l l s o u r c e s r e l e v a n t i n D o p p l e r experiments.
BIAS ERRORS
W h i l e d i f f e r e n c e s i n m e a s u r e m e n t s from d i ff e r e n t i n s t r u m e n t s are e a s i l y q u a n t i f i e d , t h e r e i s no g u a r a n t e e t h a t e i t h e r s y s t e m a c c u r a t e l y t r a c k s t h e m o t i o n o f t h e water.
A standard means of d e t e r m i n i n g t h e a c c u r a c y of Doppler systems i s t o mount t h e t r a n s d u c e r o n a movable platform, move i t a t a f i x e d s p e e d , a n d e s t a b l i s h t h e r a n g e of speeds i n w h i c h t h e v e l o c i t y estimates are accurate. This i s d i f f i c u l t t o do w i t h l a r g e t r a n sducers.
A t p r e s e n t , t h e most s u c c e s s f u l a t t e m p t t o e s t a b l i s h t h e a c c u r a c y of t h e MPL system has been a n i n t e r c o m p a r i s o n t e s t b e t w e e n t h e s o n a r s . The 45' s l a n t p r o f i l e of s l a n t v e l o c i t y a s measured by a 40 kH Doppler sonar as compared w i t h t h e e q u i v a l e n t c o m p o n e n t o f h o r i z o n t a l v e l oc i t y m e a s u r e d w i t h a Sanford XTVP. Note t h a t much of t h i s d i f f e r e n c e c a n b e a t t r i b u t e d t o a s l i g h t mismatch i n d e p t h scales.
t o a n " e q u i v a l e n t h o r i z o n t a l v e l o c i t y "
